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Resumen

Los crateres de impacto se caracterizan por sistemas hidrotermales activos; particularmente en aquellos
formados en ambientes marinos, en los cuales los procesos convectivos incluyen fluidos hidrotermales y agua de
mar. En este estudio se presentan resultados sobre la actividad hidrotermal en el crater Chicxulub, formado por un
impacto sobre la plataforma carbonatada en el sur del Golfo de México hace unos 65 Ma en el limite Cretdcico/
Terciario. Los sedimentos carbonatados post-impacto registran los efectos de actividad hidrotermal convectiva,
lo cual nos permite investigar sobre las caracteristicas y duracion de estos procesos. En este articulo se presentan
la geoquimica de elementos mayores y traza de los sedimentos carbonatados correspondientes a la secuencia
basal del Paleoceno a una profundidad de 304 a 332 metros en los nticleos del pozo Santa Elena, localizado al
sur del borde de la cuenca principal del criter Chicxulub. La geoquimica de elementos mayores y traza registra
evidencias de actividad hidrotermal, marcada por un enriquecimiento en los primeros 10 metros de la secuencia
sobre el contacto con las brechas de impacto. Las calizas presentan concentraciones altas de silice, magnesio,
aluminio, potasio y fierro, observandose patrones de variaciones similares en otros éxidos, asi como en los
elementos traza. El enriquecimiento concuerda con modelos de variacién asociados a un aporte hidrotermal mejor
que con otros posibles procesos asociados como podrian ser efectos diagenéticos o contribuciones detriticas
procedentes de otras fuentes. El contenido relativo de los 6xidos mayores en los primeros 12 metros de la seccién
(desde los 332 hasta los 322 metros), presenta 50 % de CaO y alrededor del 2% de SiO, y MgO; patrones
similares se observan para los otros 6xidos, asi como para los elementos traza. Considerando que la posicion
del sitio de estudio, se encuentra cercana a la zona central, las anomalias geoquimicas, presentan una elevada
actividad convectiva provocada por la brecha de impacto subyacente a esta secuencia, y el aporte asociado con
las fuentes hidrotermales distales del drea central. Las concentraciones de Fe, K y Al corresponden con un aporte
hidrotermal, también observado en los elementos traza (Zn, V, Cr, Ni, Cu, Zr y Rb). Después del cese de la
actividad mayor hidrotermal, aproximadamente enseguida de 1 Ma posterior al impacto, actividad intermitente
hidrotermal posiblemente continué operando por un periodo mayor.
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Abstract

Active hydrothermal systems develop in impact structures formed in marine settings, associated with con-
vective processes involving hydrothermal fluids and seawater. Here we investigate hydrothermal activity in the
Chicxulub crater, which was formed by a large impact on the Yucatan carbonate platform in the southern Gulf of
Mexico at the Cretaceous/Tertiary boundary. The post-impact cover carbonate sediments carry a record of con-
vective hydrothermal activity, which allow investigating on characteristics and timing/duration of the processes.
We present the major and trace element geochemistry of basal Paleocene carbonate sediments (304-332 m depth)
in the Santa Elena borehole located south of the crater rim outside of the main basin. Hydrothermal activity is
evidenced in the major oxides and trace elements, enriched in the first 10 m above the impact breccia-carbonates
contact. Basal limestones present high concentrations of silica, magnesium, aluminum, potassium and iron, with
similar variation patterns in the other oxides and the trace element data. The geochemical data are consistent with
element enrichment associated with hydrothermal input and less likely to result from other processes like diagen-
esis or detrital contributions. The relative contents of major oxides remain constant in the next twelve meters of
the section above 322 m, with CaO around 50 % wt and SiO, and MgO around 2 % wt and similar pattern in other
oxides and trace elements. Considering location of the study site away from the central zone, the geochemical
anomalies may arise from convective activity on the underlying impact breccia sequence and input to the water
column associated with the distal hydrothermal vent sources in the central area. Concentration in Fe, K and Al is
suggestive of a step pattern, also observed in the trace elements (Zn, V, Cr, Ni, Cu, Zr and Rb). After cessation
of the active hydrothermal phase after ~1 Ma following the impact, intermittent hydrothermal venting may have
operated for an extended time.
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Introduction

Large impact craters are characterized by hydrothermal
systems associated with a thermal anomaly from energy
released by the impact, deformation and fracturing of target
material, crustal excavation and uplift, and formation
of melt sheet and impact breccias. Impacts on marine
environments develop long-lived convective hydrothermal
systems, where seawater, groundwater, formational brines
and magmatic fluids circulate deep in the crust and within
the crater lithologies. Craters formed on continental
shelf settings like Sudbury, Chicxulub, Siljan, Ries,
Puckezh-Kantunki, Kara and others present evidence of
hydrothermal alteration in the impact lithologies. The
fluid circulation appears related to permeability, porosity,
fracturing and crater morphology (e.g., Melosh, 1989;
Zurcher and Kring, 2004, Urrutia-Fucugauchi and Perez-
Cruz, 2009). Study of hydrothermal systems in geologic
settings with sedimentary, igneous and metamorphic rocks
in addition to the impact lithologies is a complex task. To
study hydrothermal processes, systems formed in simpler
settings might provide insights on the characteristics and
fluid circulation controls.

We investigate the hydrothermal system in the
Chicxulub crater. Chicxulub was formed by a large impact
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on the Yucatan carbonate platform in the southern Gulf of
Mexico at the Cretaceous/Tertiary (K/T) boundary. The
Yucatan platform has not been affected by volcanic and
tectonic activity and the crater was covered by carbonate
sediments after the impact and crater formation. Studies
in the impact breccias sampled in the drilling programs
conducted in Chicxulub have successfully documented
the hydrothermal activity (e.g., Ames et al., 2004; Kring
et al.,2004; Rowe et al., 2004; Zurcher and Kring, 2004).
At the time of impact the area was a shallow marine
environment, and the crater formed a depositional basin
for carbonate sedimentation in the Yucatan platform. The
crater is presently covered by up to ~1 km of carbonate
sediments. The post-impact basal carbonate sequence
carries a record of the convective hydrothermal activity
and permits to investigate on characteristics and timing/
duration of the processes.

In this paper, we report the results of a study of the
Paleocene carbonate basal sequence of Chicxulub, directed
to investigate the post-impact hydrothermal activity and
its influence in the crater basin and surrounding shallow
carbonate platform. We study the cover carbonate
sediments sampled in the Santa Elena borehole located
close to the crater rim of Chicxulub (Fig. 1).
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Fig. 1. Schematic map of the Yucatan carbonate platform and Chicxulub crater, showing location of drilling sites (UNAM boreholes US,
U6 and U7) (modified from Urrutia-Fucugauchi et al.,2008). The study is made on samples from the basal Paleocene section in the Santa
Elena borehole (U5), located in the southern sector of the crater.
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Chicxulub crater formed in the shallow extensive
platform of the Yucatan peninsula and has been afterwards
buried by up to 1 km of Tertiary and Quaternary carbonate
sediments. Crater studies have relied on geophysical
surveys, which provided the initial indications for its
discovery (Penfield and Camargo, 1981; Hildebrand et
al., 1991; Sharpton et al., 1992). Gravity, aeromagnetics,
magnetotelluric and seismic refraction and reflection
surveys have provided high-resolution imagery of
the crater in both the offshore and onshore portions,
characterizing the impact deposits, cover sediments and
deep structure (e.g., Sharpton et al., 1993; Pilkington et
al., 1994; Hildebrand et al., 1998; Morgan et al., 1997,
Campos-Enriquez et al., 1997; Connors et al., 1996;
Delgado-Rodriguez et al., 2001; Urrutia-Fucugauchi et
al.,2004a, 2008; Collins et al., 2008; Gulick et al., 2008;
Salguero-Hernandez et al., 2010).

Aeromagnetic data show high amplitude short
wavelength anomalies in the central sector delineated
by the gravity anomalies, associated with the central
basement uplift, breccias and melt (Pilkington et al.,
1994; Ortiz-Aleman et al., 2001). Structural models
derived from modeling the potential field anomalies
and electromagnetic data define major crater features,
including a central zone with the basement uplift, breccias
and melt deposits, and terrace zones with radial faulting.
Seismic reflection surveys have allowed mapping and
imaging of crater morphology, Tertiary basin and deep
crustal deformation features (Morgan et al., 1997). Joint
modeling of geophysical data and drilling data, particularly
lithological columns and well logging information have
resulted in improved spatial resolution and identification of
crater units (Hildebrand et al., 1998; Urrutia-Fucugauchi
and Perez-Cruz, 2007; Urrutia-Fucugauchi et al., 2004a,
2008). A recent marine seismic reflection survey has
provided three-dimensional imaging of the structure with
the peak ring, terrace zones, fractures, Tertiary carbonates,
impact deposits and basement Mesozoic sequence (Gulick
et al.,2008).

Aeromagnetic data over the structure show three
strong, well-defined concentric patterns, with a central
40-km diameter zone of high amplitude anomalies.
Magnetic anomalies are interpreted to be associated
with the melt sheet, upper breccias and central uplift,
which present 3-4 orders of magnitude contrasts with
the surrounding carbonate units. Results indicate that
magnetic sources extend to a radial distance of ~45 km
from the center of the structure with average depths
ranging between 2 and 4 km. Magnetic anomaly sources
in the central uplift zone are located in the range from
3.5 to 8 km depth, with dominant contributions from an
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apparent large body forming the structural uplift (Ortiz-
Aleman and Urrutia-Fucugauchi, 2010). The magnetic
anomalies associated with the impact breccias likely
reflect effects of hydrothermal activity, which has been
documented in the magnetic mineralogy of the impact
breccias (Pilkington et al., 2004; Urrutia-Fucugauchi et
al., 2004b). Hydrothermal alteration resulted in formation
in the breccias of secondary Fe-Ti oxides. Petrographic
and chemical analyses of samples of melt rocks from the
Yucatan-6 borehole, which is located closer to the central
zone, indicate no significant hydrothermal alteration in
the melt (Kring and Boynton, 1992). In contrast, impact
breccias in the Yucatan-6 borehole and other boreholes in
the crater show evidence of hydrothermal activity, which
is related to the fluid circulation in the fractured porous
formations.

Drilling conducted as part of the surveys by Pemex,
UNAM and CSDP permitted ground confirmation of the
buried structure and samples for laboratory analyses.
Pemex drilling incorporated only intermittent core
recovery and there was need for detailed sampling
through the lithological column (Lopez Ramos, 1976;
Urrutia-Fucugauchi and Perez-Cruz, 2007). The UNAM
drilling program incorporated continuous coring in eight
boreholes distributed within and immediately outside the
crater rim, with three boreholes cutting the carbonate-
impact breccia contact (Urrutia- Fucugauchi et al., 1996;
Rebolledo-Vieyra et al., 2000). The three boreholes,
corresponding to UNAM-5 (Santa Elena), UNAM-6
(Peto) and UNAM-7 (Tekax) were located in the southern
sector at different radial distances from the crater center
located at Chicxulub Puerto (Fig. 1).

The boreholes sampled the Tertiary carbonates and
the impact breccia sequence, with the carbonate-breccia
contact lying at varying depths between 222 m and 332
m, below the surface. Impact breccias are characterized
by clasts of carbonates, melt and crystalline basement in
a matrix characterized by carbonate-rich and melt-rich
components. Two breccia units, compared to the suevitic
and Bunte breccias in the Ries crater, have been cored
in Chicxulub, where upper breccias are rich in carbonate
clasts and lower breccias are rich in melt and basement
clasts (Urrutia-Fucugauchi et al., 1996). Proximal ejecta
is documented in these boreholes and in drilling in the
eastern crater sector in the Merida-Valladolid area (Urrutia-
Fucugauchi er al., 2008). Ejecta deposits are exposed in
areas to the south in Belice, Chetumal and Campeche.

We analyze the major and trace element geochemistry
of the basal Paleocene carbonate sediments in the Santa
Elena borehole, which is located south of the crater rim
marked by the cenote ring and outside of the main basin.
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Santa Elena Borehole and Paleocene Carbonates

The Santa Elena borehole was selected for studying the
hydrothermal activity because of the high core recovery
rate, continuous coring of the basal carbonate sequence
and melt-rich breccias. The borehole is located ~ 110 km
radial distance from the crater center with site coordinates
of 89.6615° W, 20.3385° N (Fig. 1). The contact of impact
breccias and Tertiary carbonates is at 332.0 m deep where
the suevitic breccias present a minimum thickness of 146
m. The basal carbonate sequence in the first 30 m above
the contact with the impact breccias is characterized by
white cream limestones, with several thin clay layers and
variable content of clay lenses (Fig. 2). Clay content and
spherical evaporitic minerals increase within the middle
section.

The basal section up to 329.75 m is composed of gray
carbonates with small cream lenses of calcite and dark
gray lenses of apparent melted textures. This is covered
by about 3 m of light gray limestones with greater relative
contents of clay minerals and < 15% porosity, with no
micro-veins and rare evaporitic material. Between about
325 and 315 m, the section is characterized by several
clay horizons, and abundance of spheroidal evaporitic
aggregates. The limestones show color changes, with
darker tones and reduced porosity < 10 % and some

micro-veins. Between about 315 and 311 m, section
shows larger proportion of clay and evaporitic minerals,
with several well defined clay horizons. Between 303 and
311 m, the section is composed of white cream limestones
with ~ 15 % porosity and some micro-veins.

To select samples for the geochemical analyses and
to further characterize the carbonates, thin sections were
prepared for 23 intervals between ~304 and ~332 m. Nine
samples were selected for the detailed study, keeping a
denser sampling towards the base of the sequence in the
first 12 m.

Geochemistry

Major oxides and trace elements were determined by
X-ray fluorescence in the Laboratory of Geochemistry
(X-Ray Fluorescence), Institute of Geology at UNAM.
Samples were prepared for the geochemical analyses by
crushing and powdering with an agata mortar. Analytical
procedures and details of the instrumentation are
described in Lozano et al. (2003). Results are summarized
in Table 1 for the major elements and in Table 2 for the
trace elements. The laboratory standard used for this set
of samples was the ES-17V(q; the analytical data for major
oxides and trace elements are included in the tables.
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Fig. 2. Lithological column for the basal sequence in the Santa Elena borehole, for the first 30 meters on top of the impact breccia-car-
bonates contact at about 332 m depth.
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Table 1
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Geochemical data on the Paleocene carbonate sequence of Santa Elena borehole. Major oxides.

Sample

Depth (m)

SiO

TiO

ALO, FeOyt

MnO

MgO

CaO

Na,O

K,0

PO

2 2 275
Standard 9.83 0.089 245 0.76 0.03 5.36 40.79 0.04 1.72 0.015
ES-17Vq
Standard 1055 0.082 2485 0.797 0034 5754 41.67 0.016 1.629 0.006
ES-17
U5-60 306.05 1.94 001 047 0.23 0.02 1.67 52.86 0.15 0.27 0.07
U5-50 319.62 2.50 002 0.54 0.31 0.02 2.71 51.57 0.13 0.34 0.05
US5-42 322.41 1.57 003 0.34 0.08 0.03 1.40 52.80 0.07 0.36 0.07
U5-34 325.03 5.29 005 1.15 0.57 0.02 4.66 47.30 0.16 0.71 0.08
US5-26 327.26 5.50 005 1.25 0.63 0.04 7.25 43.87 0.14 0.73 0.17
U5-16 329.29 6.89 007 1.60 0.72 0.08 9.78 39.73 0.17 0.93 0.10
US5-12 329.76 7.20 007 1.68 0.83 0.08 9.84 39.20 0.13 1.00 0.11
U5-5 330.9 7.73 009 1.82 1.13 0.13 11.08 36.60 0.13 1.16 0.11
US5-3 331.23 7.07 009 1.78 1.21 0.15 11.41 37.37 0.15 1.11 0.11
Table 2
Geochemical data on the Paleocene carbonate sequence of Santa Elena borehole. Trace elements.
Sample Depth Sr Ba Y Zr Nb V Cr Co Ni Cu Zn Th Pb
(m)
Standard 15.16 1370 4688 891 2398 2.19 9,60 728 098 537 3.64 888 296 3.54
ES-17Vq
Standard 16 125 35 45 15 1.5 135 15 45 2 55 8 25 4
ES-17
U5-60 30605 4 306 <11 <07 1 <07 <5 <2 <3 <1 5 8 <3 <4
U5-50 31962 4 277 <11 <0.7 2 <07 6 6 <3 2 7 8 <3 <4
U5-42 32241 5 259 <11 <07 2 <07 9 5 <3 <1 6 6 <3 <4
U5-34 32503 9 274 <11 <07 5 <07 16 12 4 4 8 10 <3 <4
U5-26 32726 8 235 <11 1 5 <07 15 9 7 7 9 16 <3 <4
U5-16 32929 9 205 <11 1 9 <0.7 25 18 5 13 12 23 <3 <4
U5-12 329.76 9 203 <11 1 10 <0.7 27 21 7 17 12 29 <3 <4
U5-5 330.9 1 205 14 1 11 <07 27 20 6 20 13 24 <3 <4
U5-3 33123 9 135 <11 2 12 1 32 22 5 21 14 27 3 <4

CaO is a major component, ranging from ~37 to ~53
% wt. Samples above the breccia-carbonates contact are
enriched in silica and magnesium, with MgO up to ~11.5
% wt and SiO, up to ~8 % wt. All other major oxides
show enrichment towards the base of the section. In
contrast, samples from levels above 322 m depth present
little variation. Major oxides are plotted as a function of
stratigraphic position in Figs. 3 and 4. MgO, SiO, Al ,O,,
K,0, FeO and other major oxides are enriched in the basal
sediments with a characteristic pattern that inversely
correlates with CaO variation (Fig. 3). The high major
oxide contents are present in the first 10 m, with the major
change in elemental contents observed at 322 m.

The major component in the trace elements is
strontium, with concentrations up to 300 ppm. Other
trace elements show concentrations of less than 40 ppm.
Trace elements are plotted as a function of stratigraphic
position in Figs. 5 and 6. Sr shows a similar pattern with
stratigraphic position similar to CaO, increasing from 120
ppm at the base to values above 260 ppm at 322 m. Other
trace elements, except strontium, show higher contents
towards the base of the section, decreasing upwards to
322 m, with little variation in the upper section. The basal
sediments show enrichment in trace elements (Zn, V, Cr,
Ni, Cu, Zr and Rb).
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Fig. 3. Major oxide data for the Paleocene sequence in the Santa Elena borehole. Stratigraphic variation of CaO, SiO, and MgO with
relative position in the core.
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Fig. 4. Major oxide data for the Paleocene sequence in the Santa Elena borehole. Stratigraphic variation of K,0, P,0,,Fe O, , TiO,,AlO,,
MnO and Na,O with relative position in the core.

Discussion

Study of impact hydrothermal systems provide
information on the thermal and chemical evolution
and conditions during crater formation, collapse and
post-impact processes, including temperature field,
metasomatism, fluid circulation, brine sources and
composition, weathering and diagenesis. The thermal
anomaly in impact craters come from the energy released
by impact, deformation and fracturing of target material,
crustal excavation and uplift, and the melt sheet and
impact breccias. Impacts on marine environments develop
convective hydrothermal systems, where seawater,
groundwater, formational brines and magmatic fluids
circulate. For the Chicxulub crater different estimates
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of the volume, extension and location of the melt sheet
have been proposed (e.g., Kring, 1995; Ortiz-Aleman
and Urrutia-Fucugauchi, 2010). Considering the size and
characteristics of the crater, it has been hypothesized that
the thermal anomaly lasted for a long time. However,
because of the uncertainties in basic crater parameters it
is difficult to determine the thermal history for Chicxulub.
Furthermore, it has also been difficult to estimate the size
and characteristics of the hydrothermal system and the
extent of hydrothermal alteration within and outside the
crater rim. Most studies have focused on the impactite
sequence, characterizing the hydrothermal effects and
thermal history (Ames et al., 2004; Kring et al., 2004;
Zurcher and Kring, 2004).
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Fig. 5. Trace element data for the Paleocene sequence in the Santa Elena borehole. Data for strontium, vanadium and zinc.
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Fig. 6. Trace element data for the Paleocene sequence in the Santa Elena borehole. Data for the Rb, Zr, V, Cr, Co, Ni, Cu and Zn.

In this study, we investigated the hydrothermal activity
recorded in the post-impact carbonate sequence deposited
in a site immediately outside the main crater rim in the
Santa Elena borehole. The influence of the hydrothermal
activity is evident in the major oxides and trace element,
with a variation pattern in the first 10 m above the impact
breccia-carbonates contact (Figs. 3 to 6). The limestones
have high concentrations of silica, magnesium, aluminum,
potassium and iron, with similar variation patterns in the
other oxides. The variation pattern is consistent with the
element enrichment associated with hydrothermal effects
and less likely resulting from diagenetic processes or
decreasing detrital input. The relative contents of the
major oxides and trace elements remain constant in the
next twelve meters, with CaO around 50 % wt, and SiO,
and MgO around 2 % wt, suggesting little input and

variation of terrigenous material. Considering the location
of the study site outside the crater rim, the geochemical
anomalies may arise from convective activity on the
underlying impact breccia sequence and input associated
with a relatively distal hydrothermal source in the central
crater area.

The trace element variation with stratigraphic
position is consistent with the pattern for major oxides.
Strontium increases from about 120 ppm to 300 ppm (Fig.
5) correlating with the CaO contents, associated with
seawater relative input into the carbonates. Trace elements
(vanadium, zinc, chromium, nickel, cooper, zirconium
and rubidium) are enriched in the basal sediments and
decrease above the breccia-carbonates contact in the first
ten meters (Fig. 6).
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Rowe et al. (2004) proposed that post-impact activity
in the Yaxcopoil-1 Tertiary carbonates resulted from
hydrothermal venting into the water column associated
with hydrothermal fluids and seawater circulation. In their
interpretation, they suggested that fallout of suspended
particulate matter from a distal hydrothermal plume
produced the high concentrations of manganese, iron,
phosphorous, titanium and aluminum observed in the
basal 16 m thick carbonate section on top of the impact
breccias. Zurcher and Kring (2004) suggested that heat
sources within the crater were located towards its center
above the thick melt sheet. Zurcher and Kring (2004)
studied the impactite section in the Yaxcopoil-1 borehole
and concluded that hydrothermal activity evolved from
an early Ca-Na-K metasomatic stage to late hydrous
stage, with the uppermost impactite section exposed
to weathering in subaerial or subaqueous conditions
before being covered by the Paleocene carbonates. The
hydrothermal system resulted in an early high-temperature
(> 300 °C) phase followed by extensive low temperature
conditions.

Yaxcopoil-1 borehole is located at about 62 km radial
distance from crater center and inside the basin (Urrutia-
Fucugauchi et al., 2004a). Compared to the location of the
Santa Elena borehole outside the crater rim, hydrothermal
input from distal source inside the crater may have been
stronger and lasted longer. This is apparently indicated
by the geochemical patterns in Yaxcopoil-1 that span ~16
m of the basal sequence. Rowe et al. (2004) estimated
that hydrothermal activity in the Yaxcopoil-1 zone may
have lasted for 300 ka or longer, based on biostratigraphic
and magneto-stratigraphic data (Arz et al., 2004; Urrutia-
Fucugauchi er al., 2004a). In the case of Santa Elena,
magnetic polarity stratigraphy for the basal sequence show
that the first ten meters span four polarity chrons from C29r
to C28n (Rebolledo-Vieyra and Urrutia-Fucugauchi,2006)
and may represent >2 Ma. The geochemical pattern in the
carbonates shows a systematic decrease in concentration
of major oxides and trace elements to background levels
(Figs. 3 to 6). Assuming that the source for the particulate
matter came from distal locations in the central crater
zone where the hydrothermal plumes were injected into
the water column, the geochemical patterns indicate a
reduction of activity with time. The hydrothermal system
may have been active for a shorter period, comparable
to estimates in other crater systems. For Sudbury, which
is similar in size/morphology to Chicxulub, duration of
activity of hydrothermal system is estimated at about 1
Ma (Ames et al., 2004). Active hydrothermal activity
in the central zone of Chicxulub may be comparable;
although the two structures show significant differences
in the volume of the melt sheet. The concentration in Fe,
K and Al is suggestive of a step pattern, which is also
observed in the trace element data (Zn, V, Cr, Ni, Cu, Zr
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and Rb). After cessation of the active hydrothermal stage
after ~1 Ma, intermittent hydrothermal venting may have
operated for an extended time.
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